Judd: Distinct constrictive processes -2 -
INTRODUCTION
The early stages of bacterial cytokinesis, involving septal ring assembly and constriction, are better understood than the terminal stages. In this work we investigate the late stages of cytokinesis in the gram negative bacterium Caulobacter crescentus. We use fluorescence loss in photobleaching (FLIP) and cryo-electron microscope tomography (cryoEM) to determine (i) the geometry of the inner and outer membranes at various stages of cell division, (ii) the timing of inner membrane and periplasm compartmentalization and, (iii) whether the FtsZ ring and associated cell division machinery hinders diffusion of membrane-bound or periplasmic molecules through the division plane in predivisional cells.
Caulobacter crescentus divides asymmetrically, producing two distinct daughter cells:
the swarmer cell and the stalked cell (Fig. 1 ). These cells differ in their transcription programs, protein composition, and behavior (3, 22, 28, 32) . The daughter cells also differ in size; the nascent swarmer cell compartment is about 2/3 as long as the nascent stalked cell compartment. After cell division, swarmer cells undergo an initial motile phase, and then they differentiate into stalked cells; they lose their flagellum and pili, and DNA replication is initiated. The compartmentalization of the predivisional cell is an important step in the process of creating daughter cells with different cell fates.
Immediately after cytoplasmic compartmentalization, the complement of cytoplasmic proteins in the two compartments can begin to diverge, launching the two daughter cells on different developmental paths. The physical compartmentalization of the Caulobacter cytoplasm well before cell division triggers a phosphotransport-based switch mechanism -4 -that initiates the differential regulation of development in the nascent daughter cells (21, 23 ).
Many proteins involved in cytokinesis are known in Escherichia coli and Bacillus subtilis (1, 19, 35) and to a lesser extent in Caulobacter crescentus (19, 20, 26, 27, 29) . In each of these species, the widely-conserved tubulin-like FtsZ protein initiates cell division by polymerizing into a ring at the future division site. After initial formation of the ring, additional protein components of the division apparatus are recruited into the ring at various times during progression to cell division. This large FtsZ-based protein complex is called the septal ring. The details of the function and protein composition of the septal ring in late stages of bacterial cytokinesis are both less understood than earlier stages and more variable across different species (13) . In Caulobacter, the FtsZ ring forms at the division plane about 90 min into a 180 min cell cycle; about 30 min later, constriction of the cell is visible by light microscopy. From first visible constriction to cell separation takes about 60 min (27) .
Conceptual models of the FtsZ ring depict the ring located close to the inner side of the inner membrane and attached to the inner membrane in some manner to effect the inward-directed force that constricts the cell at the division plane [for example, see Figure   2 of Addinal, 2002 (1)] In E. coli, both FtsA and ZipA function to tether FtsZ to the inner membrane (25) . In mutant E. coli strains that form a short partial spiral, rather than a circumferential ring, of FtsZ, sharp indentation in the cell envelope is observed along the spiral arc in scanning EM images (2) . This observation shows that the constrictive force is a local phenomenon along segments of the FtsZ ring, rather than being the consequence of constriction by a "purse string" structure. So, although details of the physical association of the ring and the inner membrane are unknown, the connection is sufficiently strong and continuous in E. coli cells that the ring can pull the cell envelope sharply inward along the length of the ring. The E. coli FtsZ proteins are located at the leading edge of the septal invagination (4) . One can easily imagine that the FtsZ ring might be a physical obstacle to diffusion for membrane-bound proteins, effectively partitioning the inner membrane surface into two compartments after formation of the ring. This possibility motivated our FLIP assay to measure the diffusion of fluorescenttagged membrane-bound proteins through the division plane.
A FLIP assay was previously used to show that the Caulobacter crescentus cytoplasm is compartmentalized about 18 min before cell separation in a 135 minute cell cycle (16) .
Here, we report the use of a similar FLIP assay with fluorescently tagged membranebound and periplasmic proteins to examine the terminal stages of Caulobacter cytokinesis. We show that the periplasm becomes compartmentalized after the cytoplasm, and we observe membrane-bound and periplasmic proteins diffusing past the septal ring. We also used high resolution (~60 Å) cryoEM tomography to image Caulobacter cells at successive stages of cell division. These images show that the late stages of constriction and fission of the Caulobacter inner and outer membrane are distinct events occurring one after the other, and distinctively separated in time and space, consistent with the FLIP assay results.
MATERIALS AND METHODS
Bacterial strains and plasmids. Strain LS4026 is strain PV2398 with the plasmid pEJ178. PV2398 is strain CB15N, with the pilA gene fused to the N-terminal of EGFP -6 -under the control of the pilA promoter, integrated into the chromosome at the pilA locus (Patrick Viollier, unpublished). Plasmid pEJ178 is pJS14 based, and contains the tdimer2 gene (8) under the control of the xylose promoter, with the xylose promoter in the same orientation as the lac promoter.
Strain LS4029 is strain CB15N, with plasmids pEJ178 and pEJ204. Plasmid pEJ204 is pMR10 based and contains the CC2909 gene fused to EGFP under the control of the xylose promoter, with the xylose promoter in the opposite orientation from the lac promoter. CC2909 is a histidine kinase of unknown function with 2 predicted transmembrane domains.
Strain LS4032 is strain LS3008 with the plasmid pEJ216. LS3008 is strain CB15N, with the EGFP gene under the control of the xylose promoter, integrated into the chromosome at the xylose locus. Plasmid pEJ216 is pJS14 based, with the signal sequence of torA (9, 30, 34 ) from E. coli fused to the N-terminal of the tdimer2 gene, under the control of the xylose promoter, with the xylose promoter in the same orientation as the lac promoter.
Strain LS2677, used as a control in the fractionation experiments, is CB15N with the pJS14 plasmid.
Bacterial growth media.
Caulobacter crescentus strains were grown in PYE complex media (12) or M2G minimal media at 28° C. M2G was made as previously described, (12) but using 8.7 g/l Na 2 HPO 4 , 5.3 g/l KH 2 PO 4 , 0.2% glucose, and 0.5 mM MgSO 4 in place of 0.5 mM MgCl 2 . Media were supplemented with kanamycin (5 μg/ml) or chloramphenicol (1 μg/ml) as necessary. Transcription from the xylose promoter was induced by adding 0.3% xylose to the growth media. Cells were grown overnight in PYE. They were then washed and diluted in M2G, and incubated until the A 660 reached ~0.2. Cells were then diluted to an A 660 of ~ 0.05 in M2GX (M2G + 0.3% xylose) to induce transcription from the xylose promoter. Strain LS4032 was induced for 3-6 hours prior to imaging. Strains LS4026 and LS4029 were induced for at least 8 hours prior to imaging. During induction, cultures were diluted as necessary to keep the A 660 < 0.2.
An aliquot of these cells was harvested and spread on a pad of 1% agarose (Sigma, A-0169) in M2GX media, mounted on a 25 mm x 75 mm glass slide. The slide was sealed with valap (1:1:1 vaseline:lanolin:paraffin). The cells grew and divided on the slides, and data collection lasted no more than 1 hour on each slide.
Cell fractionation. Separation of C. crescentus cell lysates into soluble and membrane fractions was performed as previously described (9), except cells were grown until A600 reached 0.3-0.4, and incubation with lysozyme lasted for 5 min at room temperature and 5 min on ice.
Periplasmic proteins were isolated using the same spheroplast formation method as previously described (31) , except that ethylenediamine tetraacetic acid (EDTA) and lysozyme were added to final concentrations of 1 mM and 10 μg/ml, respectively. For experiments on strain LS4026, the laser power was 100 μW entering the microscope.
The laser was attenuated using a neutral density filter with an optical density (OD) of 1 during the bleaching pulse. The bleaching pulse was 30 s long, followed by a 20 s pause before the second image was taken.
For experiments on strain LS4029, the laser power was 200 μW entering the microscope.
The laser was attenuated using a neutral density filter with an OD of 1.5 during the bleaching pulse. The bleaching pulse was 240 s long, followed by a pause of approximately 20 s, while the microscope was refocused, before the second image was taken.
For experiments on strain LS4032, the laser power was 200 μW entering the microscope.
The laser was attenuated using a neutral density filter with an optical density (OD) of 1 during the bleaching pulse. The bleaching pulse was 5 s long, followed by a 2 s pause before the second image was taken.
Fluorescence image analysis.
Image analysis was performed as previously described, using the Matlab Image Processing Toolbox (16) . For compartmentalization assay images, the average fluorescence intensity in the cell compartment distal to the focused laser spot was computed before and after the bleaching pulse for both the red and the green channels. The percent changes in average intensity (ΔI d_red , ΔI d_green ) were calculated. Images from the control experiment, in which the bleaching laser was focused outside of the cell, were analyzed by computing the average intensity of the whole cell before and after "bleaching" (ΔI red , ΔI green ). The percent decrease in fluorescence intensity of these control cells after the "bleaching" pulse was calculated.
The decrease in fluorescence signal in these control cells is due to nonspecific bleaching by the tails of the laser spot and by the wide field illumination used for imaging.
For strain LS4026 ΔI red ranged from 8% to 54% and ΔI green ranged from 2% to 39%.
LS4026 cells for which ΔI d_red < 55% were said to have a compartmentalized cytoplasm.
If ΔI d_red > 55% the cytoplasm was deemed not compartmentalized. Cells for which -10 -ΔI d_green < 40% were said to have a compartmentalized inner membrane. If ΔI d_green > 40% the inner membrane was deemed not compartmentalized.
For strain LS4032 ΔI red ranged from 13% to 43% and ΔI green ranged from 4% to 42%.
LS4032 cells for which ΔI d_red < 50% were said to have a compartmentalized periplasm.
If ΔI d_red > 50% the periplasm was not compartmentalized. Cells for which ΔI d_green < 50% were said to have a compartmentalized cytoplasm. If ΔI d_green > 50% the cytoplasm was not compartmentalized.
Cryo-electron microscopy. Caulobacter crescentus cells were grown in liquid PYE media at 30 degrees C for six to eight hours until reaching an A 610 between 0.4 and 0.7. Cells were synchronized as described previously (14) This small passage connecting the two cytoplasmic compartments would not be visible without the three dimensional cryoEM tomographic data. Figure 3A shows a volumerendered view of this same cell with the inner and outer membranes segmented for clarity. A dynamic three-dimensional view of this stage of the cell is available in the supplemental material at http://caulo.stanford.edu/usr/hm/media/caulob3D.mpg. Next, the inner membrane parts, and the cytoplasm is separated into two compartments ( small section connecting the two daughter cells. We captured only one cell in this very late stage. Because we don't have 3D tomographic data for this cell, we don't know if the periplasm of the daughter cells is still connected through the middle of the remaining outer membrane tubular structure seen in Figure 2D . Except in the immediate vicinity of this connecting section, the inner membrane-outer membrane spacing is once again "normal", i.e. approximately 30 nm over the entire cell surface. Finally, the outer membrane parts, and cytokinesis is complete (Fig. 2E) .
To characterize the physical properties of membrane fission, we measured the smallest observed constriction width and radius of curvature of the inner and outer membranes (Fig. 2F ). The smallest inner membrane connection we observed ( The cytoplasm is compartmentalized before the periplasm. To compare the timing of the compartmentalization of the cytoplasm and the periplasm, we used the FLIP compartmentalization assay on strain LS4032, expressing both cytoplasmic EGFP and periplasmic tdimer2. tdimer2 was fused to the signal sequence of the E. coli TorA protein (ssTorA) to cause it to be exported to the periplasm. Western blots of fractionated cells (Fig. 4A) show that ssTorA-tdimer2 is in the Caulobacter periplasm and that soluble EGFP remains in the spheroplast fraction. We performed immunoblot analysis on spheroplast and periplasmic fractions from LS4032 cells (Fig. 4A) . Probing -14 -with anti-GFP antibody revealed that EGFP was in the spheroplast fraction, while probing with anti-tdimer2 antibody showed that tdimer2 was in the periplasmic fraction.
For the FLIP compartmentalization assay (16), the red (ssTorA-tdimer2) and green (EGFP) fluorescence signals were imaged in single cells. The cells were then bleached with a laser focused at one end of the cell (Fig. 5, left panels) , and a second fluorescence image was taken of the bleached cells (Fig. 5, center panels) . Cells that appeared (Fig. 5D ), indicating that slow periplasmic diffusion was still occurring between the two cell compartments, and that the periplasm was not fully compartmentalized. Therefore we conclude that of the 49 cells assayed, at least 3 had compartmentalized cytoplasm but not compartmentalized periplasm, indicating that the cytoplasm becomes compartmentalized before the periplasm. Also, it appears that at some time prior to compartmentalization of the periplasm, diffusion in the periplasm through the cell division site is dramatically slowed.
We observed diffusion of a periplasmic protein past the constriction site of predivisional show that both PilA-EGFP and CC2909-EGFP were found in the membrane fraction and that tdimer2 remains in the cytoplasm of Caulobacter cells. We performed immunoblot analysis on soluble and periplasmic fractions from LS4026 and LS4029 cells (Fig. 4A) .
Probing with anti-GFP antibody revealed that PilA-GFP and CC2909-GFP were in the membrane fraction, while probing with anti-tdimer2 antibody showed that tdimer2 was in the soluble fraction.
All of the 50 LS4026 cells observed with the FLIP assay had either both the cytoplasm and inner membrane compartmentalized, or neither the cytoplasm nor the inner membrane compartmentalized (images not shown). This result suggests that the inner membrane and the cytoplasm become compartmentalized at the same time. 28 of the 30 LS4029 cells had either both the cytoplasm and inner membrane compartmentalized, or neither the cytoplasm nor the inner membrane compartmentalized. However, two of the LS4029 cells had the inner membrane compartmentalized but not the cytoplasm (images not shown). This result suggests that the inner membrane could be compartmentalized before the cytoplasm. It is possible that the compartmentalization time is different for the two proteins. There may be a barrier related to the constriction apparatus that forms shortly before the compartmentalization of the cytoplasm that prevents diffusion of CC2909-EGFP (an 88 kDa protein) past the division site, but allows passage of PilA-EGFP (a 33 kDa protein). It also possible that these results arise from the differences in the physical geometry of the dividing cells combined with the much slower diffusion in the membrane compared to the cytoplasm. The cryoEM images described above show that at one point in the division process, cells have a highly constricted, but not completely closed, inner membrane. In the two LS4029 cells in which the membrane appeared to be compartmentalized but not the cytoplasm, it may be that the membrane was not fully compartmentalized, but that diffusion in the membrane past the division site was slowed due to the constriction of the membrane. If the diffusion past the division site was slowed enough, the membrane would appear compartmentalized in our assay.
This slowing of diffusion would be more noticeable in strain LS4029 than in strain LS4026 because CC2909-EGFP diffuses more slowly than PilA-EGFP.
In both strains LS4026 and LS4029 we observed diffusion of inner membrane proteins past the constriction site in the majority of predivisional cells (Figs. 6A, B) . The septal ring is present at the division site prior to the start of constriction, so we conclude that the The constriction in each membrane becomes remarkably small (less than 60 nm in diameter) before unknown terminal events effect complete closure. These highly constricted membranes are also tightly bent, with a radius of curvature of 20 nm or less.
The bent membrane (inner membrane in Fig. 2B ) may break spontaneously, and then reseal around the cytoplasm of the nascent daughter cell, with a significantly larger radius of curvature (inner membranes in Fig. 2C ). In other words, the final fission event may occur simply because the two surface configuration is a lower energy state for the lipid membrane structure. After inner and outer membrane fission we did not observed any evidence for a residual "scar" in either membrane (Figs. 2C, 2E ).
The use of the tomographic cryoEM technique to generate a three dimensional image of the cell allowed us to observe a very small channel connecting the cytoplasm of a predivisional cell prior to cytoplasmic compartmentalization (Figs. 2B, 3A) . Channels of this size are not visible in 2D images of whole cells. When cells are sliced before imaging, it is extremely unlikely to slice a cell exactly down the middle, and therefore the small connecting hole would easily be missed.
The cryoEM tomographic images are consistent with the FLIP experiments used to characterize the diffusion of proteins past the constriction site. We reported previously that the cytoplasm of Caulobacter cells becomes compartmentalized (so that cytoplasmic proteins can no longer diffuse between the nascent progeny cells) about 18 min prior to daughter cell separation (16) . Here we show that the periplasm is compartmentalized later than the cytoplasm. These results are consistent with the EM images in which the inner membrane is sealed between the cytoplasms of the two daughter cells, but the periplasmic space remains continuous (Figs. 2C, 3B ). - 
-
The FLIP experiments show that both inner membrane and periplasmic proteins are able to diffuse past the site of constriction. The FtsZ ring and associated proteins (called the septal ring) form a ring-like structure attached to the inner membrane at the constriction site (13, 35) . The mode of attachment to the membrane is unknown. It is also unknown whether the septal ring is a continuous ring. It is possible that the septal ring is continuous, but only attached to the inner membrane at discrete points. Alternatively, there may be breaks in the ring that allow membrane proteins to diffuse through. FtsZ is known to turn over rapidly, which may cause transient breaks in the ring. The slow diffusion of membrane and periplasmic proteins through the division site observed for some cells could be due to the very small dimension of the remaining connection as the compartments near separation (Figs. 2B, 2D, 2F) . Or, the constriction machinery may congest the connection as the constriction nears separation.
The measured diffusion coefficient for the inner membrane protein PleC-EYFP is D = (12 ± 2) x10 -3 μm 2 /s (10). This is roughly 200 times smaller than the D value of (2500 ± 600) x10 
